A triple-phase numerical model was developed for the simulations of gas-solid bubbling fluidized beds with Geldart "A" particles. In the model, the gas-solids suspension was modeled as a primary gas phase presented in the emulsion, a secondary gas phase presented in the bubble, and a third phase consisting of solids. A bubble-based drag model was derived taking into account of the heterogeneous flow structures of the emulsion phase. The KTGF model was used to describe the solid phase stresses. Simulations were conducted for two different scales bubbling fluidized beds of Group "A" particles. Mesh independences were confirmed up to a radial grid size of 200 times particle diameter, and the sensitivity of the transitional results on the time-steps was investigated. The predicted bed expansion and the voidage distribution, axial and radial solids volume fraction profiles, and the solids velocity vectors have been validated against literature data.
Introduction
Group "A" particles fluidized beds are widely used in various industrial gas-solid processes, such as fluid catalytic cracking (FCC), coal gasification and combustion, and Fischer-Tropsch (FT) synthesis. Quantitative understanding of the gas-solid hydrodynamics is critically important for the design and scale-up of "A" particles fluidized bed reactors. Traditionally, such hydrodynamic behaviors as the bed expansion, local and average gas holdup and the solids mixing are determined by a large number of empirical correlations obtained from a range of scales experiments. However, these empirical correlations may be limited to small scale reactors and the specified operating conditions on which the correlations were obtained.
Computational fluid dynamics (CFD) provides a state-of-the-art tool for the description of fluid dynamics in a variety of gas-solid flows. The Eulerian-Granular two-fluid model (TFM) has been employed in the simulations of the gas-solid hydrodynamics of fluidized beds with Group "B" and "D" particles [1, 2] . However, the application of the TFM for Group "A" particles was barely successful unless very fine grid sizes and very small time steps were used in the computations. In an Eulerian-Granular TFM simulation, an underline assumption of a homogeneous suspension has been made for the gas-solids mixtures within each of the computational cells. However, more and more evidences have proved the existence of meso-scale structures, which could be captured explicitly using a grid size in range of 2-4 particle diameters when the standard drag correlation was used for "A" particles fluidized beds [3] . To make the TFM model work for coarse-grid simulations, various Sub-Grid-Scale (SGS) models have been proposed [4, 5, 6] .
In the present work, a triple-phase numerical model was developed for the simulations of gas-solid bubbling fluidized beds with Geldart "A" particles. A unique treatment of the interphase momentum exchange is proposed and a bubble-based drag force model is presented. Two benchmark simulation cases are used for the validation of the present model, with comprehensive numerical tests conducted to examine the dependence of the computational grids and the time steps.
Development of the Triple-phase Simulation Model
The concept of the triple-phase model is illustrated in Figure 1 . The bubbling fluidized bed system is resolved into three phases: the bubble phase (gas presented in bubble), the gas phase (gas presented in emulsion), and the solids phase (solids presented in emulsion). Similar to the bubble-emulsion TFM model, it is assumed that the bubble phase is only consist of gas. However, different from the previous descriptions of a single gas phase, the present triple-phase model further divides the gas phase into a primary gas phase presented in the emulsion and a secondary gas phase presented in the bubbles, respectively. The primary gas in the emulsion keeps the solids in suspension and forms emulsion phase together, where the solids is defined as another secondary phase. The Eulerian framework is applied in the descriptions of the triple-phase's flow. The conservation equations of mass and momentum of each phase are represented as follows.
The continuity equation for the gas, bubble and solid phase is expressed in a general form as:
(1) where  represents volume fractions, and the subscripts g, b, s represent primary gas in the emulsion, secondary gas in bubbles, and the solids phases in the emulsion, and satisfy 1
The momentum equations for the gas, bubble and solid phases are expressed as Eq. (2), Eq. (3) and Eq. (4), respectively: The solid phase stress is closed by KTGF model. The drag forces of the bubbles played on the emulsion phase are further divided into a bubble-gas drag force (F b-s ) and a bubble-solid drag force (F b-g ) as shown in Fig. 2 . It is noteworthy that drag force is usually between a fluid and a solid. In this work, drag force is the main considered factor that causes the momentum exchange between bubble phase and emulsion phase which was further distributed to gas and solids within the emulsion phase. As a consequence, we follow the same "drag force" form to distribute the momentum exchange. [8] . The Gidaspow drag force model is used to compute the momentum exchange coefficient between the gas and solids within the emulsion 33 .
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The Benchmark Simulation Setup
The above described triple-phase model is applied in the simulations of gas-solid hydrodynamics for fluidized beds with Geldart group "A" particles. Two benchmark cases, namely the experimental measurements presented by Dubrawski et al. [9] and Zhu et al. [10] , are considered. For the case of Dubrawski (case A, Figure 3(a) ), the lower section bed is 0.96 m high and 0.133 m of diameter, and the upper section is 0.59 m high and 0.19 m of diameter, Dubrawski using different advanced experimental techniques in the "Traveling fluidized bed" to determine local voidage, bed expansion and so on. This work was further extended by Tebianian et al. [11] who using different advanced techniques to measure the particle velocity in the same "traveling fluidized bed". The simulation case of Zhu (case B, Figure 3(b) ) was carried out for a bed of 2.464 m high and 0.267 m of diameter. Numerical simulations were performed using the Eulerian multi-fluid model of Fluent® 14.0 and the bubble-based drag coefficients were implemented into the Fluent solver with User-Defined Functions (UDF). The pressure-velocity coupling was resolved using the Phase-Coupled SIMPLE algorithm; The QUICK scheme was used for all variables including volume fraction, momentum, and the turbulence k and  . A no-slip boundary was adopted for the gas phase and bubble phase, and a partial slip boundary was adopted for solid phase with a specularity coefficient 0.05 [12] and a restitution coefficient 0.9 [13] .
Results and Discussions
The benchmark simulation was performed for case A with a time step 0.001 s, and a grid size of 25 times particle diameter, i.e., 2.5 mm in the radial direction and 5 mm in the vertical direction, with a total grids 382044. The initial bed was patched with a height of 0. The time-averaged radial distribution of the bed voidage (gas holdup) using different mesh sizes for Ug = 0.3 m/s and Ug = 0.4 m/s were compared in Figs. 4 and 5, respectively. The simulation results using triple-phase model are in reasonable agreement with the experimental data, and the grid refining test shows that the voidage distribution predicted using coarse mesh (50dp) has no significant differences with fine mesh (25dp). Higher solids volume fractions are predicted in the near wall region than that in the center region, which is in consistent with the experimental observations. Figure 6 compares the predicted radial profiles of solids volume fraction using different models for Ug =0.06 m/s with experimental results of Zhu [10] (case B). The solids volume fraction for a coarser mesh (200 dp) can be sufficiently predicted without losing accuracy. Meanwhile, the simulation results of present bubble-based drag model are far more accurate than the simulation results of the original Gidaspow drag model. 
Summary
A triple-phase model based on the conventional bubble-emulsion system is proposed to simulate the hydrodynamics of gas-solid bubbling fluidized beds for Geldart "A" particles. It resolves the emulsion phase of the bubble-emulsion two-phase model into two sub-phases. The particle-particle, particle-wall and gas-particle interactions are fully described numerically by adopting KTGF closure method. Mesh refinement tests and time-step sensitivity tests are carried. Voidage distribution, axial and radial particle volume fraction profiles, bed expansion and particle velocity vectors are numerically computed and benchmarked.
